Abstract: Sequences of the internal transcribed spacers (ITS1 and ITS2) of nuclear ribosomal DNA were analysed for 44 Artemisia species (46 populations) representing all the five classical subgenera and the geographical range of the genus, 11 species from 10 genera closely related to Artemisia, and six outgroup species from five other genera of the Anthemideae. The results definitely support the monophyly of the genus Artemisia in its broadest sense (including some 2 taxa segregated as independent genera, like Oligosporus and Seriphidium). Eight main clades are established in this molecular phylogeny within Artemisia; they agree in part with the classical subdivision of the genus, but they also suggest that some infrageneric groups must be redefined, especially the subgenus Artemisia. The subgenera Tridentatae and Seriphidium are independent from each other. Some of the satellite genera are clearly placed within Artemisia (Artemisiastrum, Filifolium, Mausolea, Picrothamnus, Sphaeromeria, Turaniphytum), whereas some others fall outside the large clade formed by this genus (Brachanthemum, Elachanthemum, Hippolytia, Kaschgaria). Our results, correlated to other data, such as pollen morphology, allow us to conclude that the subtribe Artemisiinae as currently defined is a very heterogeneous group.
Introduction
Artemisia L. is the largest genus in the tribe Anthemideae and one of the largest genera in Asteraceae, with more than 500 taxa (the number varies depending on the authors: McArthur, 1979 [43] ; Mabberley, 1990 [39] ; Ling, 1982 [33] , 1991a [34] , 1991b [35] , 1994 [36] , 1995a [37] , 1995b [38] ;
Bremer and Humphries, 1993 [14] ; Oberprieler, 2001 [53] ; Vallès and McArthur, 2001 [80] ). It is widely distributed in the Northern hemisphere, with two of its main speciation centres in West and Central Asia, and only a few representatives grow in the southern hemisphere. Some species dominate the landscape in arid lands in different regions of the world. Most species in the genus are perennial; only approximately 10 species are annual or biennial. Artemisia has two basic chromosome numbers, with ploidy levels ranging from diploid to dodecaploid for x=9 and from diploid to hexaploid for x=8 (Vallès and McArthur, 2001 [80] ). Many species of this genus have a high economic value as medicines, food, forage, ornamentals or soil stabilizers in disturbed habitats; some taxa are toxic or allergenic, and some others are invasive weeds which can adversely affect harvests (Pareto, 1985 [55] ; Tan et al.,1998 [74] ).
Because of the high number of taxa and the ecological and economic importance of many of them, the genus Artemisia has been object of many diversely focused studies. Since Tournefort (1700 [78] ), many attempts at infrageneric classification have been made; the comparative analysis of these groups (see Table 1 in Torrell et al., 1999 [75] , and in Vallès and McArthur, 2001 [80] )
shows that five major divisions, treated as sections or subgenera (Artemisia, Absinthium, Dracunculus, Seriphidium and Tridentatae) are rather constant from the classical works of Besser (1829 [8] , 1832 [9] , 1834 [10] , 1835 [11] ) and Candolle (1837 [15] ), with a more recent slight modification concerning the latter group, a North American endemic (Rydberg, 1916 [61] ;
McArthur et al., 1981 [46] ). Apart from the consideration of the main infrageneric groups at different taxonomic levels and with different circumscription, many authors proposed splitting the large genus Artemisia. This started very early with Cassini (1817 [16] ), who segregated subgenus Dracunculus as an independent genus, Oligosporus Cass., which has not been retained by modern authors. More recently, Ling (1991a [34] , 1991b [35] , 1994 [36] , 1995a [37] , 1995b [38] )
proposed the consideration of one of the largest subgenera of Artemisia as a genus, Seriphidium (Besser ex Hook.) Fourr., which has been accepted by Bremer and Humphries (1993 [14] ) and Bremer (1994 [13] ) in their cladistic revisions of Anthemideae and Asteraceae, respectively. In addition, the genus Tanacetum L. has had limit conflicts with Artemisia. Apart from the above stated large groups, many other small, often monotypic genera have been segregated from Kraschen., and Turaniphytum Poljakov. Finally, there are some genera very closely related to, but never included in Artemisia, such as Sphaeromeria Nutt. In the pool constituted by the above cited genera, the taxonomy of some species has been quite controversial: they have been either described in Artemisia and combined in other genera (such as Hippolytia megacephala (Rupr.)
Poljakov, described as Artemisia megacephala Rupr.), or described in other genera and combined in Artemisia (such as Artemisia incana (L.) Druce, described as Tanacetum incanum L.), or even combined in more than one genus (such as Kaschgaria brachanthemoides (C.
Winkl.) Poljakov, described as Artemisia brachanthemoides C. Winkl., and also combined as
Tanacetum brachanthemoides (C. Winkl.) H. Krashen.). The genus Artemisia and most of its segregated and/or closely related genera constitute the subtribe Artemisiinae Less. emend.
Bremer & Humphries, although other genera close to Artemisia are included in different subtribes of Anthemideae, such as Tanacetinae and Handeliinae.
DNA sequencing is one of the most powerful present tools in phylogenetic analysis, to such an extent that Crawford (2000 [17] ) stated that currently "plant systematics is in the sequencing phase". In particular, the internal transcribed spacer region (ITS) of nuclear ribosomal DNA has proved to be useful in inferring phylogenetic relationships at the generic and infrageneric levels in angiosperms (Baldwin et al., 1995 [6] ), and has been studied in many groups of Asteraceae (Baldwin, 1992 [4] , 1993 [3] ; Urbatsch and Baldwin, 1993 [79] ; Kim and Jansen, 1994 [26] ; Bain and Jansen, 1995 [3] ; Susanna et al., 1995 [69] , 1999 [70] ; Bayer et al., 1996 [7] ; Garcia-Jacas et al.,
2000 [23] ; Vilatersana et al., 2000 [82] ; Francisco-Ortega et al., 2001 [22] ). There are some recent molecular studies of Artemisia, dealing with all the infrageneric groups (Torrell et al., 1999 [75] )
or focused on the North American subgenus Tridentatae (Kornkven et al., 1998 [28] , 1999 [29] ;
McArthur et al., 1998a [49] , 1998b [44] ); all of these support the monophyly of the genus Artemisia in its broad sense. Apart from these taxonomically-oriented papers on large sets of Artemisia species, a few other works on DNA in this genus have been published (McArthur et al., 1992 [47] ; Watson, 1996 [83] ; Francisco-Ortega et al., 1997 [21] ; Kornkven and Watson, 1997 [27] ; Watson et al., 1998 [84] , 2000 [85] ; Linder et al., 2000 [32] ; Oberprieler and Vogt, 2000 [54] ), either concerning a very reduced number of taxa, or without systematic and evolutionary purposes, or only in form of abstract.
In a previous paper using ITS sequencing data of 31 Artemisia species (Torrell et al., 1999 [75] )
we demonstrated the monophyly of the genus, including the subgenera Seriphidium and Dracunculus (genus Oligosporus), the independence of Tridentatae from Seriphidium, and the high polyphyly of the subgenus Artemisia. In the present paper, we study the relationships between Artemisia and 10 of its closely related genera, as a step towards a redefinition of
Artemisiinae. In addition, we perform a deeper analysis of the systematics and the phylogeny of the genus Artemisia itself through the consideration of a higher number of taxa.
Materials and Methods

Plant material
We studied 44 Artemisia species (46 populations), representing all the five classical subgenera and the geographical range of the genus, and 11 species belonging to 10 genera closely related to ) and also following Francisco-Ortega et al. (1997 [21] ). The 63 accessions used are listed in Table 1 . Apart from the five main groups in Artemisia mentioned in the introduction, often treated as subgenera, some authors have proposed sections, subsections and series (Rydberg, 1916 [61] ; Poljakov, 1961a [58] , 1961b [59] ; Korobkov,
1981
[30] ; Ling, 1991a [34] , 1991b [35] , 1995a [37] , 1991b [38] ), but a global treatment of the entire genus at these levels has not yet been achieved. In the light of this situation, the taxa in [58] , 1961b [59] ; Pavlov, 1966 [56] ; Adylov and Zuckerwanik, 1993 [2] ; Bremer and Humphries, 1993 [14] ; Bremer, 1994 [13] ; Abdulina, 1999 [1] ). Artemisiastrum and Picrothamnus are also treated as separate genera, as recognised by Rydberg (1916 [61] ). The species synonymy is provided in order to give an idea of the complexity of the taxonomical classification of many of the taxa studied.
The analysis of ITS sequences used published sequences along with new sequences. Source of published sequences, voucher data, and GenBank sequence accession numbers for the newly studied species are given in Table 1 .
DNA Extraction, Amplification and Sequencing
Total genomic DNA was extracted following the CTAB method of Doyle and Doyle (1987 [19] ) as modified by Soltis et al. (1991 [67] ) from silica gel dried leaves collected in the field, or fresh leaves of plants cultivated in the Botanic Institute of Barcelona or in the Faculty of Pharmacy of the University of Barcelona. In some cases, herbarium material was used.
Double stranded DNA of the ITS region was amplified with the 1406 F primer (Nickrent et al., 1994 [52] ) and ITS4 (White et al., 1990 [86] ). In some cases, we used ITS1 (White et al., 1990 [86] ) and 17 SE (Sun et al., 1994 [68] ) as forward primers and 26 SE (Sun et al., 1994 [68] ) as reverse primer following the protocol described in Soltis and Kuzoff (1993 [66] ) and thermostable DNA polymerase (Ecotaq, Ecogen S. R. L.).
The profile used for amplification included a hot start at 94ºC for 2 min, followed by 80ºC for 5 min, during which the polymerase was added. Thirty cycles of amplification were carried out under the following conditions: 94ºC for 1 min 30 sec, 55ºC for 2 min, and 72ºC for 3 min, with an additional extension step of 15 min at 72ºC.
The double stranded PCR products were cleaned using the QIAquick PCR Purification Kit (QIAGEN Inc. The trnL-F region was amplified using the primers "c" and "f" (Taberlet et al., 1991 [72] ) which amplified the intron, the 3' exon, and the intergenic spacer. The double stranded PCR products were produced with 30 cycles of denaturation (94ºC for 1 min), primer annealing (48ºC for 1 min), and extension (72ºC for 2 min), followed by a final extension step (72ºC for 7 min). Direct sequencing was performed in both directions using one of the two amplification primers.
Phylogenetic analysis
The nucleotide sequences were edited using Chromas 1.56 (Technelysium Pty Ltd) and were easily aligned visually by sequential pairwise comparison (Swofford and Olsen, 1990 [72] ). Data matrices are available on request from the first author. Parsimony analysis involved heuristic searches conducted with PAUP version 4.0b8 (Swofford, 1999 [71] ) using TBR branch swapping with character states specified as unordered and unweighted. As in previous ITS analyses (Vilatersana et al., 2000 [82] ; Garcia-Jacas et al., 2000 [23] ), indels were coded as a fifth base, with the goal of saving the potential phylogenetic information of shared indels (Bain and Jansen, 1995 [3] ; Samuel et al., 1998 [62] ). All most-parsimonious trees (MPT) were saved. To locate islands of most-parsimonious trees (Maddison, 1991 [40] ), we performed 100 replications with random taxon addition, also with TBR branch swapping.
Bootstrap (BS) analysis was performed (Felsenstein, 1985 [20] ), and decay index (DI) was calculated (Bremer, 1988 [12] ; Donoghue et al., 1992 [18] ) to obtain estimates of support for ITS data. Due to the practical impossibility of performing bootstrap analyses in the direct way with PAUP 4.0b8, we used the approach by Lidén et al. (1997 [31] ) using 1000 replicates, random taxon addition with 10 replicates per replicate and no branch swapping. Results obtained with this method are very similar to other approaches (Mort et al., 2000 [51] ).
Regarding decay analysis, the search of trees only two steps longer than the shortest trees was impossible. Therefore, these decay analyses were conducted using the clade-constraint approach as discussed in Morgan (1997 [50] ). Even with this approach, we had to abort most of the heuristic searches after saving 200,000 trees. For this reason, decay indices could be slightly overestimated in some cases.
Results
The size and composition of the ITS1 and ITS2 regions, and the size of the trnL-F region, are summarized in Table 2 . For the trnL-F region, the number of informative characters was extremely low: only one base change plus three informative indels. Thereafter, we discarded it as useless to our purposes. For ITS, the results of the heuristic search are shown in Table 2 , and the strict consensus tree of the equally most parsimonious trees resulting from the heuristic search is showed in Fig. 1 . Within the Artemisia clade, eight multispecific clades (numbered from 1 to 8 in Fig. 1 [49] , 1998b [44] ; Torrell et al., 1999 [75] ). Nevertheless, [85] ) continued using Seriphidium as a genus distinct from Artemisia, although one of these authors postulated its inclusion in the latter in the above cited papers (Kornkven et al., 1998 [28] , 1999 [29] ). In addition, Watson et al. (2000 [85] ) used Artemisia tridentata (cited as Seriphidium tridentatum) as a member of the putative genus Seriphidium. A first attempt at an ITS-based phylogeny of Artemisia (Torrell et al., 1999 [75] ) already demonstrated that subgenus
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Tridentatae is independent from Seriphidium, and the present data support this statement.
Section Tridentatae was originally created as a section within subgenus Seriphidium (Rydberg, 1916 [61] ), but many authors, using different approaches (morphological, chemical, molecular)
suggested convergent evolution for both groups from members of Artemisia or Dracunculus (McArthur and Plummer, 1978 [45] ; McArthur, 1979 [43] ; McArthur et al., 1981 [46] ; Seaman, 1982 [63] ; Shultz, 1986 [65] ; McArthur et al., 1998b [44] ; Torrell et al., 1999 [75] ). Jeffrey (1995 [25] ) stated that, if Seriphidium is to be segregated from Artemisia, section Tridentatae would be better retained in the latter than transferred to the former. 
Infrageneric circumscriptions in Artemisia
According to the present data, several well-defined groups appear in the genus Artemisia. They are not fully coincident with the classic subgenera, but some of them agree totally or partially with the currently used infrageneric classification. The best defined group that exactly represents one or the classical infrageneric taxa is the Dracunculus clade (number 8 in Fig. 1 [76] , and unpubl. res.). Another subclade is constituted by two very closely related species, A. dracunculus and A. dracunculoides; they are members of a polyploid series (Rousi, 1969 [60] ; Vallès et al., 2001 [81] ), and the latter is often considered as a synonym of the former. Finally, the genera Mausolea and Turaniphytum are also included in the Dracunculus clade in the ITS phylogeny; their position will be further discussed, together with that of other genera.
All the studied taxa of subgenus Seriphidium except one are grouped in a clade (number 3 in Fig.   1) , with the addition, as sister, of A. annua from subgenus Artemisia. This is an annual taxon, apparently without morphological, ecological or chemical affinities with the members of Seriphidium, but data on molecular cytogenetics showed that its genome structure is quite similar to that of the subgenus Seriphidium (Torrell et al., 2003 [77] ). The only species of Seriphidium not included in the Seriphidium clade in the ITS phylogeny is A. leucodes, one of the extremely rare annual taxa in this subgenus. The unexpected placement of annuals in ITS sequence analyses of groups with predominance of perennials is a curious but frequent distortion in another tribe of the Asteraceae (Cardueae, Garcia-Jacas, unpubl. res.).
Subgenus Tridentatae appears as a very well-supported clade (number 4 in Fig. 1 ) distinct from Seriphidium, as above discussed. Another independent group is formed by the two Sphaeromeria species studied (clade number 5 in Fig. 1) . The genus Sphaeromeria was classically treated as a section of Tanacetum. Holmgren et al. (1976 [24] ), on the basis of morphological and anatomical evidence, considered it closer to Artemisia than to Tanacetum. Our pollen data supported this position, because Sphaeromeria has Artemisia pollen type (Martín et al., 2001 [41] ). Present molecular evidence reinforces this idea, and is consistent with the results of McArthur et al.
(1998a [49] ), who showed a phenogram based on randomly amplified polymorphic DNA (RAPD)
with the Sphaeromeria species grouped with Artemisia, and separated from Tanacetum.
The Artemisia vulgaris complex is clearly defined within the genus from a morphological point of view. It appears split in two clades (numbers 6 and 7 in Fig. 1 [24] ; McArthur et al., 1998a [49] ). In the latter work, the only species of the genus Picrothamnus (P. desertorum, treated as Artemisia spinescens) was also grouped (together with a Sphaeromeria species) with Artemisia and not with Tanacetum, as it occurs in the present ITS phylogeny. Five of these six genera included in [41] , 2003 [42] ). The genus Kaschgaria also has this pollen type, whereas Hippolytia and Brachanthemum, placed in the same position in the strict consensus tree (Kaschgaria and Hippolytia are united in a weakly supported clade), have
Anthemis-type pollen, cf. Martín et al., 2001 [41] ). Elachanthemum, a monotypic genus originally described in Artemisia which has Artemisia-type pollen, appears as sister of the clade formed by the big Artemisia group and several other genera.
Considerations regarding subtribe Artemisiinae
Bremer and Humphries (1993 [14] ), in their cladistic revision of tribe Anthemideae, considered subtribe Artemisiinae Less. emend. Bremer and Humphries as formed by two main groups: first, a pool of genera closely related to Artemisia; second, a group of genera more related to Chrysanthemum sensu lato from a different subtribe, Chrysantheminae Less. emend. Bremer and Humphries. On the other hand, some of the genera with species formerly classified in Artemisia are included in other subtribes: in subtribe Tanacetinae Bremer and Humphries (Hippolytia Poljakov includes species originally described in Tanacetum and others combined in Chrysanthemum, cf. Shih, 1979 [64] ); and in subtribe Handeliinae Bremer and Humphries (Lepidolopsis Poljakov was described as Artemisia). Pollen morphology shows that exine ornamentation is a good marker that distinguishes these two groups of taxa (Martín et al.,
2001 [41] , 2003 [42] ). The present ITS phylogeny (Fig. 1) basically agrees with this separation, and suggests five levels of affinity with Artemisia:
1) The genera included in the Artemisia clade, which have the strongest relationship with this genus; all of them have the Artemisia pollen type, and most of them are often included in the genus Artemisia.
2) Three genera placed independently at the same level as the Artemisia clade. One of them (Kaschgaria) has the Artemisia pollen type and the other two (Brachanthemum, Hippolytia) have the Anthemis pollen type. These genera are most often considered distinct from Artemisia, although two of them (Kaschgaria, Hippolytia) have been segregated from the larger genus, and one (Hippolytia) is not even included in subtribe Artemisiinae.
3) The clade including Lepidolopsis (a monotypic genus from subtribe Handeliinae, originally described as Crossostephium and combined in Artemisia and in Tanacetum), and Tanacetum; it is strongly supporteded (BS of 100%), implying either a close relationship between their subtribes, Handeliinae and Tanacetinae respectively, or a subtribal missplacement of Lepidolopsis.
Conversely, it is worth mentioning that Hippolytia, from Tanacetinae, is not included in this clade formed by Lepidolopsis and Tanacetum.
4) The genus Elachanthemum, the only exception to the consistency between ITS phylogeny and pollen data; it is clearly placed far from Artemisia in the ITS analysis, in spite of having Artemisia pollen type (Martín et al., 2003 [42] ).
5) The genera placed in the outgroup clades, the less closely related to Artemisia. We can point out that the two species of Ajania included in this study do not form a clade. Ajania is a heterogeneous genus, with some taxa originally described in different other genera. Bremer and Humpries (1993 [14] ) stated that "possibly Ajania or part of the genus is the sister group of Artemisia and the other genera with smooth or short-spined pollen". Our results (Fig. 1) show that this assertion is not exactly true, and emphasize the complexity of subtribe Artemisiinae as currently considered.
Concluding remarks
On the basis of data coming from different techniques, several authors have already stated that the infrageneric taxa classically recognised in Artemisia do not represent natural groups (Persson, 1974 [57] ; Torrell et al., 1999 [75] ; Vallès and McArthur, 2001 [80] ). Pollen morphology also supports the idea that subtribe Artemisiinae needs to be reviewed (Martín et al., 2001 [41] , 2003 [42] ). In their revision of tribe Anthemideae, Bremer and Humphries (1993 [14] ) admitted that some of the Table 2 ) point out that other regions should be explored for a better understanding of the limits and phylogeny of the genus Artemisia;
and it is also obvious from our research that chloroplast DNA trnL-F spacer is not useful at this level. We need to look for new genome regions for future research, and we need to include representatives of all the remaining genera in the subtribe in future studies, in order to clarify a subtribal classification that our molecular analyses have weakened. The results will surely allow us to present more specific and well founded proposals for a natural classification of genus Artemisia and subtribe Artemisiinae. [75] ), BCF 37108 [75] AF045391, AF079944 Artemisia-type pollen.
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